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SUMMARY

At the beginning of this research program, it was recognized that
the study of blast-induced fracture in ship steels and their weldments
reguired the extension of the then available fracture mechanics capabilities
in several areas. These included the necessity to (1) admit rapidly app]ﬁed
loading, (2) treat nonsimple flaw-structure geometry, (3) model extensive
crack tip plasticity, (4) make reliable crack growth measurements in ductile
materials under impact and explosive blast loading conditions, (5) compute
weld-induced residual stresses in ship grade steels, and (6) model crack
growth in welded joints. The approach adopted was to examine these
complications systematically, beginning with the first. In this way, the past
5 years on this contract has produced capabilities to address all of these
areas.

The knowledge gained through the research conducted on this contract
has resulted in an improved fundamental understanding of dynamic crack
growth/arrest phenomena for ship structures. Notable are a number of key
conclusions: (1) the neglect of plasticity induced effects remote from the
crack tip can produce significant errors in the fracture toughnesses deduced
for quasi-static and impact conditions, (2) the critical crack tip opening
angle (CTOA) is the most appropriate criterion for predicting dynamic propaga-
tion and arrest under elastic-plastic conditions, and (3) weld-induced
residual stresses have a significant effect on the behavior of rapidly running
cracks. Taken together, this work has, therefore, provided the basis for the
assessment of ship structures under blast loading via a crack arrest point of
view.



TABLE OF CONTENTS

L0, SEANECGCUCTRTONE S . . . . . . . . . 9. - Ao AR F.
2.0 REVIEW OF PREVIOUS RESEARCH. . . . . « .« o v o v v o o o o v ..

Basis of the Technical Approach . . . . . . ¢ . v v v o « . .
Review of Earlier Research. . . . « . . ¢ ¢ v v v v v v v v .
Recent Computational Research . . . . . . . . . . . « . o . .
Recent Experimental Research. . . . . . . . ¢ . o . o o o ..
Current Status of Crack Propagation Analysis. . . . . . . . .

NN NN
s s e s e
OB WM

3.0 SUGGESTED FUTURE RESEARCH. . . « & ¢ v v v v v v v v v v v v v v
4.0 REFERENCES . . . . v v v v v v v i vttt e vt e b d e e e .
APPENDIX

TECHNICAL PAPERS RESULTING FROM THIS RESEARCH . . . . . . . . . . . ..

LIST OF TABLES

Table 1. Experimental Results for Welded HY-80 Blast-Loaded
Fracture Experiments. . . + ¢« ¢ ¢ ¢ v v v v v 4 e v v e e . .

LIST OF FIGURES

Figure 1. Critical Crack Tip Opening Displacement Values Inferred
from an Elastic-Plastic Dynamic Analysis of Dynamic Crack
Propagation in a Side Grooved AISI 4340 Steel Bend
Specimen Subjected to a Quasi-Static Load. . . . . . . . ..

Figure 2. Strain Gage Locations for First Series of Residual
Stress Determinations. . . . . . . . . . . . oo .. L.,

Figure 3. Strain Gage Locations for Second Series of
Residual Stress Determinations . . . . . . . . . . . . . ..

Figure 4. Trepanning Element . . . . . . .« « ¢« ¢ o o o o o .. L.

Figure 5. Specimen Loading Fixture Used During Blast
Loading Experiments. . . . . . . . o o0 oL 0.0 0 e

Figure 6. Expanded Representation of Blast Loading Fixture . . . . . .

ii

17

10

13
14



Figure

Figure

Figure

Figure

Figure

Figure

10.

11.

12.

LIST OF FIGURES
(Continued)

Post-Test Appearance of HY-80 Welded Specimen
Showing Blast-Induced Crack Growth . . . . . . . . . . . ..

Specimen Used for Blast-Induced Fracture . . . . . . . . . .

Comparison of Computed and Measured Weld-Induced
Residual Stresses in Welded HY-80 Specimens. . . . . . . . .

Elastodynamic Computation of Stress Intensity
Factor as a Function of Time from the Blast Arrival. . . . .

Prediction of Crack Length History for a Welded HY-80
Specimen Under Blast Loading . . « « « ¢« v ¢ ¢« ¢ ¢« ¢ v o 4 &

Prediction of Crack Length History for a Welded
HY-80 Specimen Under Blast loading . . . . . . . . . . . ..

19

20

2¢

23



THE ANALYSIS OF CRACK GROWTH INITIATION,
PROPAGATION, AND ARREST IN FLAWED SHIP STRUCTURES
SUBJECTED TO DYNAMIC LOADING

by

C. R. Barnes, M. F. Kanninen, and J. Ahmad

1.0 INTRODUCTION

The objective of this work has been to develop and validate a
nonlinear dynamic analysis methodology that could be applied to determine
critical crack sizes in ship hull structures subjected to blast loadings. The
point of view taken was that a crack-like flaw could exist in a local Tow
toughness region of a ship material. This flaw would likely initiate under
blast loading (e.g., from a depth charge or a remote nuclear explosion). But,
catastrophic fracture would not occur if crack arrest intervenes before the
rapidly running crack penetrates the wall. The key research issue was then to
quantify the conditions under which a run/arrest event could occur in a tough,
ductile material subjected to a rapidly varying applied loading.

There were several issues that originally placed the analysis
problem beyond the state of the art of fracture mechanics. First, a criterion
for rapid crack propagation in elastic-plastic conditions had not been
established. Second, crack propagation behavior under rapidly applied loading
was not well understood. Third, the effect of weld-induced residual stress
and deformation fields on crack propagation was completely unknown. Added to
these complexities is the difficulty of obtaining meaningful experimental
results on crack propagation and arrest in blast-loaded welded components;
particularly of the precise character that is required for a guantitative
understanding of the problem.

In view of the many complexities that existed in this probiem, a
step-by-step procedure was adopted. An integrated program of experimentation
coupled with nonlinear dynamic finite element analysis was devised to treat
each major uncertainty on an individual basis. More specifically, the
research program began by work on a high strength material (AISI 4340 steel)



and mechanical impact conditions. Then, as a degree of understanding was
achieved, more realistic conditions were treated. In the most recent year of
work, experiments were performed on a precracked HY-80 steel weldment under
explosive loading conditions. The accompanying analyses (1) determined the
residual stress and deformation state by directly simulating the welding
process and (2) calculated the initiation, propagation history, and arrest
point of the crack under the pressure history measured in the experiment.

A key finding in this research was the confirmation that rapid crack
propagation can be characterized by a constant value of the crack tip opening
angle (CTOA) parameter. This criterion is often assumed, but not previously
demonstrated. As an expedient, by assuming that, (1) the weldment property is
the same as that of the base material, (2) this value is independent of the
crack speed, and (3) it is unaffected by large scale plasticity, an estimate
of the CTOA was obtained for trial calculations. Using this value, an
elastic-plastic dynamic analysis was performed to compare with the experi-
mental run/arrest event. These results were encouraging as they have
established the basis for a methodology which can be used to predict the rapid
propagation and arrest behavior of cracks in naval structures subjected to
blast loads.

Because of the absence of established fracture toughness data for
elastic-plastic crack propagation, it was necessary to use crude estimates of
the CTOA. These were simply based on the LEFM fracture toughness data for HY-
80 weldments available in the literature. Rough agreement was nevertheless
obtained with the observed results. Of greater significance, it was found
that the presence of weld-induced residual stress strongly affects the
prediction of the crack length at arrest.



2.0 REVIEW OF PREVIOUS RESEARCH

2.1 Basis of the Technical Approach

In a flawed ship structure subjected to a blast load, it is impor-
tant to know whether a flaw of the size 1ikely to be present in the structure
would become unstable and, if so, whether it would arrest before catastrophic
fracture occurs. For structures made of high toughness materials where con-
siderable crack tip plastic deformation precedes crack initiation, the analy-
sis problem is nonlinear. In addition, because the loading rates can be very
high, and also because cracks may propagate at relatively high rates, conven-
tional quasi-static fracture mechanics treatments are generally not applica-
ble. A dynamic elastic-plastic fracture mechanics approach is therefore
needed.

A further complicating feature arises from the fact that a struc-
tural defect Tikely resides in or around a weld. In addition to producing
defects, the welding process introduces substantial localized changes in
material properties and further gives rise to thermally induced residual
stresses. Reliable elastic-plastic dynamic fracture mechanics techniques for
predicting crack initiation, growth, and arrest of cracks residing in and
around welded regions do not currently exist. In order to develop such
techniques, a stepwise procedure has been followed. The early work was
primarily focused on identifying the appropriate criterion for rapid crack
growth; see References (1-8)*. A brief review of the early research that has
led to the current stage of development is described next. Then, the
experimental and computational developments specifically addressed to the
fracture of HY-80 steel weldments subjected to explosive loading conducted in
the preceding year are presented in more detail.

2.2 Review of Earlier Research

At the beginning of this research program it was recognized that the
study of fracture of ship structures under shock loading required the
extension of then current fracture mechanics capabilities in several areas.

*References are listed on page 26.



These included the ability to (1) treat rapidly applied loading, (2) treat
nonsimple flaw-structure geometry, (3) model extensive crack tip plasticity,
(4) make reliable crack growth measurements in ductile materials under impact
and explosive blast loading conditicns, (5) compute weld-induced residual
stresses in ship grade steels, and (6) model crack growth in welded joints.
The approach adopted was to examine these complications systematically,
beginning with the first. Hence, initial attention was placed upon a well-
characterized, high-strength, low-toughness material (AISI 4340 steel) and a
relatively simple test specimen (a dynamic tear test specimen) that was
amenable to analysis.

The expectation in working with 4340 steel was that the dynamic
fracture toughness property, Kip = Kip (a), for a fast propagating crack
initiated from quasi-static loading conditions should also characterize crack
propagation due to impact loading. Instead, it was found that, while
elastodynamic analyses did provide an excellent description of the impact
experiments, the toughness values needed to achieve this agreement were
substantially different from those given by the quasi-static initiation
experiments(1),

The disparity between the fracture toughness values deduced for
guasi-static and impact initiation conditions obviously has great practical
importance. If it could be concluded that the elastodynamic fracture
characterization is therefore not unique, it follows that the fracture
properties deduced for small specimen testing may not provide reliable data
for the assessment of ship or other full-scale structures. The potential
significance of this finding required a reexamination of the experimental and
analysis results that have led to it.

The ensuing effort warranted the development of an elastic-plastic
dynamic finite element analysis capability. This resulted in the development
of the finite element code FRACDYN, which has since been used to solve a
variety of problems related to the Navy, NRC, and several industrial
applications. Of more direct interest to this research was the fact that, by
using this code, the disparity between the fracture toughness values deduced
for guasi-static and impact initiation conditions was finally exp1ained(4).
It was found that the disparity was ltargely due to the Tinear elastic
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interpretation of the experiments reported in Reference (1). An elastic-

plastic dynamic interpretation of the experiments virtually eliminated the

disparity. As a by-product of this work, the inertia enhanced version of the
J-integral was identified as a viable criterion for crack initiation under

elastic-plastic dynamic conditions.

Concurrent with the above, this research effort has resulted in

achievements in five other aspects of the problem:

(1)

(2)

(4)

(5)

To set the stage for the eventual test of the methodology that
is expected to evalve from this program, the known dynamic
toughness parameters for the HY-80 grades of steel and their
weld metals were collected and analyzed(3) and a crack
propagation/arrest analysis for the design of an intermediate-
level submerged hull experiment performed(4).

A viscoelastic dynamic treatment of crack propagation/arrest
events in photoelastic materials was developed to ascertain
whether the neglect of the time-dependent nature of the
material is proper in interpreting such results().

Impact fracture testing was performed on HY-130 steel (using
dynamic tear test specimens instrumented to determine crack
length versus time) and a dynamic finite element code was
developed to analyze the dynamic tear test results(6,7),
Thermoplastic finite element simulations of weld-induced
deformation were performed in order to study crack growth under
conditions that would exist in a heat-affected zone around a
weld(8).

Detailed examination of the deformation state at the tip of a
fast running crack in an elastic-plastic material was made for
eventual use in finite element analyses of such events(9,10),

2.3 Recent Computational Research

Of particular importance for the objectives of this work is the

progress made in two important areas: the performance of blast loading



experiments and in the analysis of crack growth in welded regions. In the
first area, 4340 steel plates were fractured using an explosive detonated at a
stand-of f distance. Strain gages were fixed on the specimen to determine the
time of crack initiation and of compiete fracture. Pressure transducers in
conjunction with a dummy specimen were used to give the pressure-time history
at various points on the plate face for input to the analysis.

In the second area, the analysis of crack growth in the heat-
affected zones around welds was made possible by the development of a thermo-
plastic finite element analysis capability (under other sponsorship). This
model can be used for the direct computation of the inelastic deformation and
attendant residual stresses in any welded or weld-related thermal problem as
long as the thermomechanical properties of the materials are available.
Further, crack growth was introduced into the model to simulate both fatigue
and unstable crack propagation. In both instances, a heuristic elastic-
plastic crack growth relation was introduced based upon the crack tip opening
angle as a measure of the crack driving force.

In the most recent year of work, experiments were performed on a
precracked HY-8Q steel weldment under explosive loading conditions. The
accompanying analyses (1) determined the residual stress and deformation state
by directly simulating the welding process and (2) calculated the initiation,
propagation history, and arrest point of the crack under the pressure history
measured in the experiment. A key finding in this research was the confirma-
tion that rapid crack propagation can be characterized by a constant value of
the crack tip opening angle (CTOA) parameter.

The identification of a characterizing parameter for large amounts
of crack growth in elastic-plastic conditions is a problem that is currently
being addressed by several different investigators. A particularly attractive
choice is the CTOA parameter. A number of investigators have found that this
parameter remains constant during elastic-plastic stable crack growth--see
Reference (9). This fact, together with its ease of application, strongly
suggests that the CTOA be explored for dynamic crack propagation also.
However, previous to the recently completed work of Ahmad, et a1(7), the
constancy of the CTOA during rapid crack propagation has not been demon-
strated. This key result is shown in Figure 1.
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The result shown in Figure 1 was obtained by performing a "genera-
tion phase" finite element analysis of a fracture experiment. In the experi-
ment, an AISI 4340 steel three-point-bend specimen was guasi-statically loaded
to initiate rapid crack propagation. In the companion dynamic elastic-plastic
finite element analysis, the crack was made to propagate according to the
experimentally measured crack length history. The CTOA values were then
obtained from the finite element solution. As shown in Figure 1, these values
are based on the crack tip opening displacement (CTOD) values at one element
length behind the crack tip, determined at the first instant of node release.
It can be seen that, following an initial transient, the CTOA remains
virtually constant throughout the rest of the crack growth process. This
result reveals--possibly for the first time--that a near constant CTOA value
can be used as a criterion for rapid crack propagation. However, possible
crack velocity dependence of CTOA needs to be further investigated.

2.4 Recent Experimental Research

The crack initiation and propagation characteristics of engineering
structural weldments invariably differ from those of the base material. This
is due primarily to the effects of residual stresses induced by the welding
process coupled with weld metal inhomogeneity. Although the degree of mate-
rial inhomogeneity is difficult to quantify, the residual stresses can be
determined. Consequently, as a first step, following the preparation of the
welded HY-80 specimens, four were sacrificed to obtain weld residual stresses.
These determinations were made using the trepanning technique.

The trepanning technigue involves the removal of a prism-shaped
element of material under a biaxial strain gage applied to the surface of a
welded specimen. Upon removal, these gages no longer sense the stresses at
that location. Hence, the resulting change in strain is taken to be indica-
tive of the magnitude of the residual stresses that were present at the gage
position. Figures 2 and 3 show the gage locations for two sets of residual
stress determinations. Figure 4 shows a typical element taken from one of
these specimens.
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(A) (B)

FIGURE 4. TREPANNING ELEMENT

(A) Bottom surface of residual stress chip
(B) Top surface showing biaxial strain gage
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The next step in the experimental effort was to precrack and instru-
ment the remaining specimens, then subject them to blast loading. The pre-
crack was sharpened by EDM to a total depth of 8 mm. The specimen thickness
was 25.4 mm. The blast load was provided by a 2.27-kg charge of composition
-4 explosive. The explosive was detonated from a 38-cm standoff, as measured
from the center of the the charge to the upper specimen surface. The test
configuration is shown in Figure 5. An expanded view of the loading fixture
is contained in Figure 6. Figure 7 shows the post-test appearance of a welded
specimen.

Each test specimen was instrumented with strain gages to provide the
times of crack initiation, propagation, and complete specimen fracture. A
diagram of the specimen with these strain gage locations shown is contained in
Figure 8. In addition to the strain gages, the specimens were also instru-
mented to provide an additional indication of time at complete specimen
fracture. This was done by integrating the specimen into a simple electrical
circuit. In essence, the specimen initially was part of a closed circuit.
But, because complete specimen fracture produces an open circuit, a readily
detected sharp voltage change is produced. In this way, the time of complete
fracture, should it occur, could be accurately determined. A similar concept
was used to determine the time of blast arrival on the specimen surface.

For a 4340 steel monolithic specimen used as a trial, the crack
mouth gage indicated a crack initiation time of 20 to 29 us after the blast
arrival, with total fracture, as indicated by the upper surface gage, at 71 us
after blast arrival. These readings correspond to an average crack speed of
374 m/s. This is consistent with the crack speeds observed in the 4340 steel
fracture experiments conducted earlier with other Toading mechanisms. This
suggests that these data are reliable. Offsetting this encouraging finding,
the side gage and the battery circuit gave readings of 110 us and 125 us,
respectively. These are obviously contradictory. In view of the fact that
the surface gages are highly susceptible to blast and heat effects while the
side gage reading will lag behind the crack passage by an indefinite time,
these readings are not believed to be useful.

Three replicate experiments were conducted on HY-80 welded
specimens. One of these produced questionable results that were inconsistent
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FIGURE 5.

SPECIMEN LOADING FIXTURE USED DURING
BLAST LOADING EXPERIMENTS

(A) is the explosive charge,
(B) is the loading fixture, and
(C) is the specimen.
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FIGURE 7.

15

POST TEST APPEARANCE OF HY-80 WELDED SPECIMEN
SHOWING BLAST INDUCED CRACK GROWTH
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FIGURE 8.

SPECIMEN USED FOR BLAST INDUCED FRACTURE

(1) Strain gage mounted within notch,
(2) EDM notch, (3) Weld zone (typical of
an 18 pass butt-weld in an HY-80 steel
ship structure), (4) An additional gage
is also bonded to the specimen upper
surface to indicate complate specimen
fracture.
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with the other two, both in terms of the gage readings and the extent of crack
propagation. Hence, these data are omitted. The results obtained from the
remaining two specimens are shown in Table 1. It can be seen that the crack
initiated (as indicated by the crack tip gage) at roughly 85 us and that crack
arrest was achieved after a crack advance of about 14 mm. Because fracture
did not occur in these experiments, the upper surface gage readings are not
believed to be significant.

TABLE 1. EXPERIMENTAL RESULTS FOR WELDED HY-80 BLAST-
LOADED FRACTURE EXPERIMENTS()

Time of Significant
Gage Response After

Crack Lengths (mm) Crack Extension Arrival of Blast (us)
Initial Final (mm) Crack Tip Upper Surface
8.0 20.7 12.7 72 - 81 120
8.0 23.2 15.2 90 - 95 176

(a) Initial specimen depth was 25.4 mm.

2.5 Current Status of Crack Propagation Analysis

The analytical effort in this research consisted of two types of
analyses, one providing the initial condition for the other. The first type
was an elastic-thermoplastic finite element computation to obtain the residual
stresses due to welding. The second type of analysis was the finite element
solution for dynamic crack propagation under blast loading conditions. The
modeling used the weld-induced residual stresses as initial conditions and
included direct consideration of crack tip plasticity and of the inertial
effects due both to dynamic loading and rapid crack propagation.

In a11 finite element computations, the equations of motion were
solved using a displacement-based finite element method with an isoparametric
element formulation and quadratic shape functions in a two-dimensional space.
A singular element was not used. A modified Newton-Raphson approach was used
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for elastic-plastic analysis with the Von Mises yield condition and isotropic
strain hardening assumed. The approach employed the implicit Newmark-Beta
time integration scheme. Crack growth was modeled by releasing double-noded
elements along a preset crack path. This was done by gradually releasing the
crack tip nodes over several time steps.

The welding simulation computation was made using the temperature
dependent material properties of HY-80 steel. The heat input and weld-pass
sequence used in the analysis were the same as in the actual welding process
employed to fabricate the specimens. The multipass simulation of the process
was performed as developed by Kanninen, et al(10) . The computed residual
stress distribution across the weld centerline is shown in Figure 9. Also
shown in Figure 9 are the residual stresses at selected Tocations as deduced
from experimental strain measurements by the trepanning method. The agreement
can be seen to be reasonable.

To aid in .the design of the blast-loaded specimens, a preliminary
elastodynamic finite element analysis was performed. The result is shown in
Figure 10. The temporal pressure distribution used in this case was obtained
by fitting a least-square curve through the experimentally measured pressure-
time record measured for a 2.27-kg explosive charge detonated at a distance of
38 cm from the specimen. This is

p(t) = 6.895 (11.0 - 0.072t + 0.000062t2) H(t)

where t is the time from the blast arrival (us), p is the pressure exerted on
the upper surface of the specimen (MPa), and H is a function such that

H(t) = 0, t <0, and H(t) = 1, t > 0. Note that the specimen configuration
used in the blast loading experiments and analyses is also shown in Figure 10.

From the data collected by Hahn and Kanninen(ll), the dynamic
initiation toughness of an HY-80 weld appears to be about 120 MPa/m. Using
this number, the analysis shows that the crack should initiate at about 100 us
following the arrival of the blast at the specimen surface. Note that, in
this preliminary computation, the effects of crack tip plasticity and residual
stresses were totally ignored. The purpose was simply to get a rough estimate
of the crack initiation time for pretest design purposes.
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FIGURE 10. ELASTODYNAMIC COMPUTATION OF STRESS INTENSITY FACTOR AS
A FUNCTION OF TIME FROM THE BLAST APPRIVAL
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The next step in the analysis was to perform an elastic-plastic
dynamic finite element analysis to predict the crack propagation history. The
input to the finite element analysis included the temporal pressure distri-
bution, the residual stress distribution, and critical CTOA values for crack
initiation and propagation. Unfortunately, the fracture toughness values for
a rapidly propagating crack in elastic-plastic conditions are not available.
As an expedient, estimates were obtained from the existing linear elastic data
as follows.

From Hahn and Kanninen(1l), the lower bound initiation toughness K
and crack arrest toughness Kiz for HY-80 weldments were estimated at 120 MPay/m
and 92 MPa/m, respectively. It was then assumed that the dynamic fracture
toughness Kygp is the same as Kz, and that Kyp is independent of crack
velocity in the range of crack velocities expected in the experiment. Also,
it was assumed that the lower bound Ki. is the same as K4, the rapid loading
fracture toughness. Using these values, the crack opening displacements at
one element length (1.933 mm) behind the crack tip were determined from an
elastic-plastic finite element computation. For initiation and propagation,
these were found to be 0.076 mm and 0.058 mm, respectively. The result of the
analysis employing these values is shown in Figure 1ll.

To help in understanding the effects of elastic-plastic conditions
and residual stresses, two additional computations were also performed. As
shown in Figure 11, these were an elastodynamic computation and an elastic-
plastic dynamic computation without the initial residual stresses. These
computations also employed the critical CTOA values just given. It can be
seen that, in this instance, both give nearly the same result for the
initiation time and for the crack length history. In contrast, the result of
the elastic-plastic analysis with residual stresses included is considerably
different.

Because the choices of Kiq and Kip in the analyses just described
was rather arbitrary, a second set of computations was performed. In these,
the Kip value (and, hence, the corresponding CTOA value) was specifically
selected to obtain better agreement with the experimental crack arrest point.
This value was 84 MPa/m. The results of the analyses performed with this new
value of Kip are shown in Figure 12.



Crack Length, mm

24

22

20

22

p

Wele}

FIGURE 11.

1 1 ] 1 1

1

PREDICTION OF CRACK LENGTH HISTORY FOR A WELDED
HY-80 SPECIMEN UNDER BLAST LOADING WITH

K

120 140 160 180 200

Id

M -sec

= 120 MPa/m AND Ky = 92 MPa/m

220

240



Crack Length, mm

23

Elastic
24r- (no arrest)
/
)
22 b
)
,L—-Elosfic-Plcsfic
20 |- 'l tno arrest)
) e
./
S </
| Elastic~Plastic
with Residual
s = Stress
Aaz12mm
14 |~
12 P~
/
U4
. ¢
/ I'
10 p— (
N |
!
[ |
sls ) | | | | | N
80 100 120 140 160 180 200 220
H-sec
FIGURE 12. PREDICTION OF CRACK LENGTH HISTORY FOR A

WELDED HY-80 SPECIMEN UNDER BLAST LOADING
WITH KId = 120 MPa,/m AND KID = 84 MPa./m



24

[t can be seen in Figure 12 that, while the elastic-plastic dynamic
analysis that includes the residual stresses is now close to the experimental
result (see Table 1), the comparison analyses predict that the crack would run
through the specimen without arresting. This demonstrates that the analytical
predictions are quite sensitive to the accuracy of Kip. Of more significance,
it also reveals the importance of considering residual stresses in such
analyses.

It might be tempting to conclude from the results shown in Figures
11 and 12 that the neglect of initial residual stresses is conservative; i.e.,
the inclusion of residual stresses gives a prediction that is less severe than
that obtained in their omission. However, it is entirely possible that this
result was obtained because of the particular residual stress distribution
within these particular specimens. For a residual stress distribution that is
highly tensile in the vicinity of the initial flaw, it is conceivable that a
different conclusion would be reached. This can only be determined with
further computations of the kind described here. However, before this is
done, more reliable fracture property values are closely needed.
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3.0 SUGGESTED FUTURE RESEARCH

The objective of the future work should be to develop and validate a
nonlinear dynamic analysis methodology that can be applied to determine
critical crack sizes in structures subjected to blast loadings. The point of
view is that a crack-1ike flaw may exist in a local low toughness region of a
weld. But, while such a flaw would 1ikely initiate, catastrophic fracture
would still be avoided if the crack arrests. The key research issue is then
to quantify the conditions under which a run/arrest event can occur in a
tough, ductile material subjected to a rapidly varying applied loading.

A key assumption in the previous work was that rapid crack
propagation can be characterized by a constant value of the CTOA parameter.
While there is solid evidence for this assumption (see Figure 1), the work
that has been performed so far has not allowed the proper value for the CTOA
for crack propagation to be determined for Navy grade steels. Hence, further
work is needed in which a direct determination of the running fracture
toughness of HY-80 and HY-130 steels could be made. This work would also
reveal the speed dependence, if any exists, of the CTOA parameter.

Regardless, using these data as input, crack initiation/propagation/arrest
predictions could be made and compared to the experimental result for more
unequivocal assessments of the analysis approach. This could be done in terms
of a combination of experimentation and finite element analysis.
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Most current efforts in elastic-plastic fracture mechanics (EPFM) are
focused on initiation and instability of crack growth under quasi-static
loading conditions. Analytical treatments of impact loaded structures
containing cracks has thus far remained within the regime of linear elasto-
dynamic fracture mechanics. However, in many practical problems the material
behavior is such that even relatively fast loading may induce considerable
plastic deformation, both prior to and following crack growth initiation.
Example applications are the blast loading of ship structures, mechanical
impact in collisions, seismic water hammer in nuclear plant piping. and gun
tubes.

The main reason for the wide neglect of plasticity effects in dynamic
fracture mechanics has been the lack of appropriate analysis techniques.

Until very recently, almost all numerical work in dynamic fracture mechanics
analysis was done with finite difference methods under the constraint of a
linear elastic material assumption. The focus of attention then was on how to
model the crack tip singularity and on how to adapt the method for complicated
crack-structure geometries. Modeling plasticity effects, which had just begun
receiving significant attention in the fracture mechanics research community,
was not really possible for a moving crack.

Almost coincident with beginning of major advances in EPFM, the finite
element method gained recognition as a more versatile technique for analyzing
crack problems. The method has virtually eliminated the complexities associ-
ated with the analysis of complicated crack-structure geometries. Particu-
larly since the advent of special crack tip elements, the finite element

method has essentially replaced the use of finite difference methods, even in



elastic fracture problems. However, progress in finite element analysis tech-
niques for crack problems remained closely tied to the needs of the emerging
EPFM technology, which was concerned only with quasi-static loading. Most of
the effort in dynamic fracture mechanics remajned married to elastodynamic
finite difference and finite element techniques. However, in the late 1970's,
the need for developing nonlinear numerical techniques in dynamic fracture
problems became apparent [1l].

Based on the mounting experimental evidence on the non-uniqueness of the
KID parameter reported by Kanninen, A. S. Kobayashi, J. T. Kalthoff and their
coworkers (See Reference [1]), Kanninen suggested that many of the puzzling
questicns in elastodynamic fracture mechanics could be resolved by eliminating
the assumption of linear elasti¢ material behavior. This in itself was not
an unsurmountable problem. Advances in the f1n1te element method had been
made, and could be called upon to develop an analysis procedure for nonlinear
dynamic crack growth modeling. The question centered on just what crack tip
characterizing parameter should be used to model extended crack propagation
under dynamic elastic-plastic conditions. This question has yet to be
unequivocally resolved.

While the search for the appropriate dynamic elastic-plastic fracture
parameter continues, other efforts in finite element modeling of dynamic crack
propagation revolve around developing increasingly sophisticated techniques
for representing the crack tip singularity, employing translating mesh algo-
rithms, and improving numerical algorithms in general. Most efforts remained
limited to linear elastic material problems and thus were unable to resolve a
dilemma brought to light by Kanninen et al. [2]. Basically, this dilemma
stemmed from the inability of an elastodynamic finite difference analysis to

predict correctly crack initiation under impact loading in a high strength



material (AISI 4340 steel)--a situation for which a l1inear elastic material
assumption should be valid. While the work reported in this paper was focused
on the development of an elastoplastic finite element modeling technique for
dynamic fracture problems [3,4]{ use of this technique enabled the dilemma

posed by Kanninen et al. to be revisited and resolved.

BACKGROUND

In 1978, Kanninen et al. [2] reported experimental and analysis results
on dynamic crack propagation under impact loading. In their investigation two
types of experiments were performed. Both types employed three point bend
specimens of heat treated AISI 4340 steel (Figure 1). 1In the first type of
experiment, the specimens were quasi-statically loaded until crack initiation
occurred. Because the initial crack tip was intentionally biunted, initiation
was followed by rapid propagation until the specimen broke into two pieces.
The load at crack initiation and the crack length history were recorded. The
crack initiation loads are given in Table 1. A typical crack length vs. time
record is shown in Figure 2. (The predicted crack length vs. time curve in
Figure 2 is discussed later in this section.) Note that, for the various ini-
tial notch root radii used in the experiment, the crack length vs. time data
were practically the same.

TABLE 1.  EXPERIMENTAL RESULTS OF CRACK
INITIATED UNDER QUASI-STATIC LOADING

Notch Root Side Groove Load at
Experiment Radius Depth Initiation
Na, mm % kN
1 0.032 25 56.47
2 0.065 0 99.86
3 0.64 0 112.41
3
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Figure 1. Specimen geometry (L = 181 mm, W = 38mm,
B =15.8 mm, W-a = 28.5 mm). The side groove depth is as shown in Table 1.
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In the second type of experiment the specimens were loaded by mechanical
impact. This was done using a large péndu1um machine capable of dissipating
21.7 kJ 1impact energy. The massive tup of the pendulum moved the load point
on the test specimen at a virtually constant velocity of 6.88 m/sec. In these
experiments, the crack initiation time (relative to the tup-specimen contact)
and crack length vs. time measurements were made. A typical crack length vs.
time record for a side grooved specimen is shown in Figure 3. For a smooth-
sided (non-side-grooved) specimen the initiation time was about 300 -sec.

The analytical work reported in reference [2] employed the dynamic frac-

ture toughness function, KID(é), given by

Kp = 65 + 0.0448 MPan'/? (1)

where & is crack velocity in m/sec. This equation was obtained in other work
by elastodynamically analyzing data from a series of quasi-statically loaded
double cantilever beam (DCB) test specimens. To determine if the KID relation
is geometry independent, Equation (1) was first used to predict the crack
velocity in the three point bend experiments conducted under quasi-static
loading. In the elastodynamic finite difference analysis, the specimen model
was subjected to an applied load equal to the experimentally measured load at
initiation. Next, crack growth was modeled according to Equation (1). As
shown in Figure 2, the predicted crack length vs. time was in good agreement
with the experimental data [2].

The same elastodynamic finite difference code and the same KID relation
were then used to predict crack length as a function of time in the experi-
ments in which crack was initiated by impact loading. The result of such an

analysis is contained in Figure 3. As can be seen, if the experimental data
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point on the extreme left is disregarded, the predicted initiation time is
about a factor of four less than the measured value. (As discussed later in
this section, this data point was absent in all additional experiments per-
formed since the publication of reference [2].) The value of Kip needed to
match the experimental crack length vs. time data was a velocity-independent
value of 170 MPaml/z. This value, which is roughly double that sampled by
the propagating crack in the quasi-statically loaded experiment, cannot be
Justified.

The only difference between the two types of experiments analyzed was the
loading rate. But, this difference presumably was properly accounted for in
the solution of the governing equations of motion by the finite difference
method. Refusing to believe that the material toughness value could be so
much different between the two cases, Kanninen et al. [2] scrutinized the
accuracy and convergence characteristics of their finite difference scheme.
However, repeated attempts with varying mesh sizes produced essentially the
same result as their first analysis. Later, Jung et al. [5] and Ahmad et
al. [4] reaffirmed the accuracy of the finite difference results by perform-
ing independent checks using an elastodynamic finite element method.

Other attempts have also been made to find the source of error responsi-
ble for the difference between the experimental measurements and analytical
predictions. First, it was thought that the supporting structure in the
impact experiment provided an energy sink. Since this structure was assumed
to be perfectly rigid in the analyses, it was thought possible that it could
account for the overestimation of the dynamic stress intensity factor. To
estimate the energy loss to the supports, an experiment was performed in

which the specimen was not supported at all. Using the results of this exper-

iment and a simple energy balance, it was found that the deformation of



supports could not possibly account for the large difference between actual

(about 80 MPaml/2 1/2

) and apparent (170 MPam™" ©) values for KI or crack propaga-
tion. Details of this experiment can be found in references [2] and [5].

Nishioka, Peri, and Atluri [6] reanalyzed the impact-loaded experiments
of reference [2] using a hybrid finite element formulation with a moving crack
tip singular element. They performed both generation and application phase
analyses and obtained results that differed significantly from those of
references [2] and [4], although their results still did not adequately agree
with the experiments, They initially concluded that the error was in not
allowing for the possibility of tup-specimen separation and recontact. But,
this conclusion is spurious. Kanninen et al. [2] also allowed for the possi-
bility of recontact and separation and noted that these did indeed occur 1in
their computations.

After repeated experimental evidence that separation and recontact does
not actually oécur, Ahmad et al. [4] decided that not modeling this phenomenon
is more representative of the actual event. They found that the difference in
the predictions of Nishioka et al. [6] and those of references [2] and [4] are
simply due to an oversight on the part of the former investigators in not
accounting for the effect of the side-grooves in the specimens used in the
experiments. When the analysis of reference [6] is corrected to account for
the side-grooves, the results become almost coincident with those of Ahmad
et al. [4], with tup separation allowed. This is shown in Figure 4. Also
shown in Figure 4 are the nearly identical results obtained independently by
Kobayashi [7].
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In his effort to resolve the dilemma, Kobayashi [7] focused on the
existence of the single data point that existed at the extreme left of the
reference [2] experimental record (see Figure 3). Including this data point
as part of the experimental record makes the analytical predictions appear
more reasonable, albeit only marginally. However, as already stated, this
data point appeared in the experimental record of only one single specimen and
was not reproduced in any of the numerous experiments that followed. It must
be concluded that this data point is spurious and could not be the key to
resolving the dilemma.

A1l of the analytical efforts that have so far been discussed amount to
nothing more than using different numerical techniques, all elastodynamic, to
repeat the analysis performed in reference [2]. Not surprisingly, these
efforts have produced essentially the same results as those of the original
finite difference analysis. Ahmad et al. [4] were the first to attempt an
elastic-plastic analysis of the impact test. Using an inertia enhanced ver-
sion of the J-integral called 7 they assumed that crack initiation should
occur when T reaches its critical value (3; =k K%C/E), where E is the Young's
modulus and k is the plane strain correction factor. Using the results of
this analysis they concluded that including plasticity effects caused only a
minimal increase (about 15%) in the computed crack initiation time. This was
not nearly enough to account for the wide discrepancy between the analytical
and the experimental results.

In using the T initiation criterion, Ahmad et al. [4] tacitly assumed
that the plastic deformation was confined to the crack tip region, and that it
was small. Under small scale yielding conditions Jc (or 3C) is related to

K;.. For an elastic-plastic analysis in which small scale yielding is not a

Ic

priori assumed, an elastic-plastic criterion must first be established. In

11



the present work this was accomplished by first performing a generation phase
analysis of the quasi-statically loaded experiment. This analysis identified
an e]astic-b1a5t1c criterion for crack initiation and a criterion for propaga-
tion. Next, these criteria were used to predict the crack initiation time,
and the crack length history in the impact loading case. These predictions

were then compared with the experiments, as described in the following.
DY TIiC- Y

Basis of the Computations

The analytical effort involves both generation and application phase
analyses of quasi-statically and dynamically initiated crack propagation
experiments. In the generation phase analyses, finite element modeling is
used as an extension of the actual experiment. Crack initiation and growth is
simulated by forcing the finite element model to conform to an experimentally
obtained crack length vs. time record. During the computation, the fracture
parameters of interest are internally computed. In the application phase
analysis, crack initiation and growth are.mode]ed according to a prescribed
criterion. Note that in both types of computation the applied loads and other
boundary conditions must be specified along with the initial conditions.

A generalization of the path independent contour integral J is used as
the criterion for crack initiation under elastic-plastic dynamic conditions.
This is the ﬁ‘integra] proposed by Kishimoto et al. [8]. It is an expression
for the energy release rate for a much more general set of conditions than
those covered by the common J-integral. It might be noted that T contains
many other proposed measures of energy release rate as special cases. These

include the J-integral itself [9] together with the parameters proposed by

12



Freund [10], Hellen and Blackburn [11], Neale [12], Bergez [13], Bui [14], and
Wilson and Yu [15]. Recently, Ahmad et al. [4,16] have shown by generation-
phase computations that the critical value of'? is a valid criterion for crack
initiation under dynamic loading and elastic-plastic material behavior.

For crack propagation, the work reported in this paper identifies the
constant crack tip opening displacement (CTOD) as a criterion for rapidly
running cracks. This finding substantiates a common assumption that dynamic
crack propagation occurs with a constant CTOD, or, equivalently, a constant
crack tip opening angle (CTOA).

The computational effort in the work reported in this paper relies upon
a strain rate independent plasticity formulation. For dynamic fracture model-
ing, a time dependent plasticity, or viscoplasticity, formulation would be
more appropriate. As this work deals mainly with a relatively strain rate
insensitive material (AISI 4340 steel), the simpler rate independent plas-
ticity formulation is palatable. A viscoplastic finite element analysis would
have required selecting (and developing the constants for) an appropriate
constitutive model for high strain rate applications; e.g., as has been done
in a preliminary way by Hoff et al. [17] and Brickstad [18]. This was beyond
the scope of the present work. But, future developments in this area of non-

linear dynamic fracture mechanics is definitely appropriate and anticipated.

Computational Procedure

The approach used for the solution of the equations of motion in the
analytical procedure presented here employs a displacement-based finite ele-
ment method. The computer code is based on the isoparametric finite element
formulation with 1inear and quadratic shape functions in a two-dimensional

space. General quadrilateral elements with a variable number of nodes in both

13



the plane-stress and plane-strain conditions may be used. If so desired, the
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1/r or 1/r stress singularity at the crack tip may be imposed by using the

quarter point approach [13]. However, this feature was not utilized in any of

the analyses presented in this paper.

The modified Newton-Raphson approach is used for elastic-plastic
analysis. The von Mises yield condition with isotropic strain hardening is
assumed. Also, any strain rate effects on material properties are ignored.
The material behavior is described by a single uniaxial stress-strain curve
represented in a multilinear fashion. For time integration, either an
explicit (central difference) or an implicit (Newmark-Beta) scheme may be
used. Because it is inherently more stable, the implicit scheme offers com-
putational advantages in the solution of dynamic fracture problems. Al1l
the results included in the present paper therefore were obtained using the
Newmark-Beta time integration scheme.

Crack growth is modelled by releasing the force experienced between
coupled crack tip nodes in several time steps. Details of the crack growth

modeling scheme were described by Jung et al. [5] and will not be repeated

here. Suffice to say that the scheme allows for modeling crack growth in both

the generation and application-phases of analyses. For application-phase
analyses, where the crack tip is advanced according to a selected fracture
parameter, a choice of fracture parameters is necessary. Currently, the
crack-tip-opening displacement (CTOD), crack-tip-opening angle (CTOA), Mode I
and Mode II dynamic stress intensity factors (KI and KII)’ and the 3‘fam11y
of conservation integrals [8] are available. The CTOD and CTOA are obtained
directly from the finite element displacement solution while KI and KII are

obtained by first calculating T for 1inear elastic material.
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In the elastic-plastic dynamic analyses performed in the present work, a
dual J/CTOD criterion is employed. The 3‘integra1 is computed by using the
following expression:

7 - j(wm - T13“i>dr + Hoi"i 3Vi dA
= X i 3xX (2)

where W is the strain energy density, n, is the x-component of the outward

1
normal vector to contour r, A is the area enclosed by I , p 1is the mass
density, and Ti’ Uy» and Ui are the traction, displacement, and acceleration
components, respectively. The details of this expression can be found in
references [31, [4], and [61].

Like the common J-integral, the T of equation (2) is valid only if the
material behavior can be described by the deformation theory of plasticity.
It is well known that, for extended amounts of crack growth, this assumption
is severely violated. Consequently, in the present investigation the cri-
terion 7 = ﬁ; is taken to be valid only for crack initiation. For extended

amounts of crack growth a critical CTOD (or equivalently, CTOA) criterion is

used.

Investigati f Crack Initiati

Consider the prediction of crack initiation time in the impact loaded
specimen using a JC value obtained by anmalyzing a quasi-statically loaded
specimen. As shown in Table 1, the quasi-static experiments reported in
reference [2] used both side-grooved and smooth-sided specimens with different
notch root radii. The experiment using a smooth-sided specimen with a notch

root radius of 0.065 mm was first chosen for an elastic-plastic finite element
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analysis. The crack initiation lcad for this specimen was 99.86 KN. In the
corresponding impact experiment, the measured time at crack initiation was
300 wu sec.

A smooth-sided specimen was selected because of the uncertainties in
treating side-grooves in a two-dimensional elastic-plastic analysis. Note
that the effect of side-grooves in an elastic analysis can be accounted for by
simple scaling of the results. The reason for choosing the smallest notch
root radius was that, in the finite element model, the notch is modeled as a
sharp crack.

Finite element analyses were performed first for plane stress, then
for plane strain. A simple finite element mesh of eight node {isoparame~
tric elements was used (Figure 5). The broken 1ines in Figure 5 show the
T (for this static case, same as J) contours used in the analysis. The uni-
axial stress-strain curve of the material (AISI 4340 steel), and the multi-
linear representation used in the analysis, are shown in Figure 6. In the
analysis the von Mises yield condition and isotropic hardening was assumed.
The Modified Newton Raphson approach was used for the solution of the non-
linear problem.

The results of the quasi-static analysis are shown in Figure 7. These
are the average values from the various contours. It was found that the
maximum difference between the J values corresponding to different contours
was only about 3%. The result of the plane stress analysis can be taken as
corresponding to the smooth-sided specimen geometry. If the plane strain
results are taken as representing the side-grooved specimen then, using
Table 1, the Jc values at crack initiation for the plane-stress (smooth-sided
specimen) and plane-strain (side-grooved specimen) are 0.288 MN/m and 0.05

MN/m, respectively.
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Next, elastic-plastic dynamic analyses of the impact experiments were
performed using the same finite element mesh. The stress-strain behavior was
taken to be the same as in the static analysis. The time integration was per-
formed by the Newmark-Beta method using a time step of 1.0 usec. Again, both
plane stress and plane strajin analyses were performed. The results are pre-
sented in Figure 8.

Consider first the plane stress analysis corresponding to the smooth-
sided specimen. The results suggest that crack initiation should occur
at 260 sec, the value that corresponds to Jc = 0.288 Mn/m. This is in
reasonably good agreement with the measured initiation time of 300 usec as
the roughly 14% difference is certainly within the bounds of experimental

measurement error. Similarly, the prediction of initiation time for plane

strain conditions is also in good agreement with the measured time. As can be

seen from Figure 8, using Jc = .05 MN/m gives an initiation time of 110 u sec.
This can be compared with a measured value of 95 usec for the side grooved

experiment.

I {ati e P X
The elastic-plastic treatment of crack initiation under impact loading
just described has at least partly resolved the dilemma found by Kanninen
et al. [2]. It showed that, by using an elastic-plastic fracture mechanics
criterion and an elastoplastic dynamic analysis, the initiation time under
impact loading could be reasonably well predicted. The next step is to
investigate the velocity of rapid crack propagation. However, the considera-
tion of rapid crack propagation in an elastic-plastic medium is complicated

by the fact that there is no commonly accepted dynamic crack propagation

20
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parameter. The conservation integral proposed by Atluri [19] is a possibil-
ity, as are those of Dantam and Hahn [20], Achenbach et al. [21], and Freund
and Douglas [22]. But, they all await experimental verification.

In the present investigation, the crack tip opening displacement (CTQD)
criterion was selected. This choice is not arbitrary. In studies of extended
amounts of stable crack growth under elastic-plastic conditions it has been
shown by many investigators that crack growth occurs at a practically constant
value of CTOD; see, for example, reference [Z3]. This constant CTOD occurs
in a regime where the J-integral has lost both its path independent nature as
well as its meaning as a crack tip stress characterizing parameter. The
region between J-dominated crack growth and the constant CTOD crack growth is

typified by a critical CTOD value that falls to a plateau. The question is

whether the constant value of CTOD is mirrored by a constancy after the crack

has become unstable. This has simply been assumed to be the case by some
investigators. But, it has not previously been proven.

In the present work, such an investigation was made by performing a
generation phase elastoplastic dynamic analysis of a quasi-statically loaded
fast fracture exper{ment; specifically, the side-grooved three-point bend
specimen of AISI 4340 steel. This was done by using the experimental crack-
length vs. time data shown in Figure 2. In the analysis, the load was
incrementally applied to reach the initiation value of 56.47 KN (see Table 1).
Then, crack growth was modeled according to the experimental record of Figure

2 using a technique described in reference [5].
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During the crack growth modeling, both T and CTOD were computed. The
CTOD corresponded to the opening displacement of the node one element length
(3.16 mm) behind the crack tip. It was found that, shortly after crack ini-
tiation, the path-independence of T was totally lost. The CTOD as a function
of crack length is shown in Figure 9. Clearly, following an initial drop, the
CTOD seems to attain a constant value.

This result suggests that the crack traveled by maintaining a constant
CTOD for the most of its journey. The actual value of the constant CTOD is of
course dependent upon the finite element mesh used in the analysis and on the
distance behind the crack tip at which the crack opening was monitored. This
is a common problem that one faces using the finite element method for crack
propagation modeling. The opening, or stretch, at the crack tip can be esti-
mated directly only by using one of the strip yield representation of crack
tip plasticity; e.g., the Dugdale model [24], the inclined strip yield model
[25]. Further investigations using increasingly refined finite element models
may suggest a 1imiting distance behind the crack tip below which the crack
opening displacement and the CTOD may be assumed to be the same. An estimate
of this distance can be obtained through the use of the Dugdale model as
suggested by Rice [26]. However, this estimate is unrealistic in that the
crack tip opening angle is always 90 degrees.

In the present investigation, the need for knowing the unique critical
CTOD (or CTOA) was circumvented by using the same finite element mesh in
analyzing both the quasi-statically initiated and the impact loaded
experiments. The CTOD in both types of analysis corresponded to the same
physical point behind the crack tip. The result of the application phase
analysis, using JC = 0.05 MN/m as the initition criterion and the constant

CTOD value in Figure 9 as the crack propagation criterion, is shown in

23
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Figure 10. Also shown in Figure 10 are the results of the elastodynamic
analysis and the experimental data points of reference [2]. Clearly, the

elastic-plastic analysis gives a much improved prediction.
D F T

The work reported in this paper demonstrates the inadequacy of an elasto-
dynamic analysis for a situation where the linear elastic material assumption
would commonly be accepted as appropriate. The question is why. To answer
this question, consider the elastodynamic analysis of the quasi-statically
inftiated crack given in reference [2]. Recall that this analysis (Figure 2)
gave results that were in good agreement with the measurements made in experi-.
ment number 1 of Table 1. However, it should be recognized that, in this
analysis, the crack was made to initiate at an applied load of 56.47 N which
corresponds to a KI value of 108 MF’aml/2 £271.

That the crack was not initiated at KI = 65 MPaml/z, the value corres-
ponding to & = 0 in equation (1), is reasonable in that, in general, KID(O) <

KIc' However, the KIc values established for 4340 steel are not as high as

108 MPaml/Z. Hence, in this respect, the analysis was not truly a predictive
appiication phase analysis. Rather, it was a combination of generation phase
(for initiation) and application phase (for propagation) analyses.

If the plastically deformed region is both small and confined to the
crack tip region ({.e., if the small scale yielding condition is satisfied),
an LEFM~based prediction should be accurate. The difference between the KI
value required for initiation in the quasi-statically loaded three-point bend
specimen and accepted KIC values for the 4340 steel used in these experiments

172

(typically, about 70-80 MPam™ “), indicates that other energy losses may be
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involved. A detailed study of the elastic-plastic analysis results identified
the source of these losses. This result for plane stress is shown in Figure
11(a). It can be seen that, while the crack tip plastic zone is relatively
small, there is a sizeable plastically deformed region close to the load
application point. (The presence of this plastic deformation is also recog-
nizable on the fracture surface of the specimens used in the experiments.) It
must be concluded that this load point plastic zone, which violates the small
scale yielding assumption and is therefore unamenable to LEFM, must be the
source of disparity between experimental results and elastodynamic analysis
prediction.

The plastic deformation zones at the instant of crack initiation under
impact loading are shown in Figure 11(b). It can be seen that, while the
crack tip plastic zone size is roughly the same as in Figure 1ll(a), the load
point plastic zone is somewhat larger. However, this result can only be
accepted with caution in that the analysis ignored strain rate effects. Even
though AISI 4340 steel is relatively strain rate insensitive, it is still
possible that the impact loading rate raises the yield strength of the mate-
rtal, thus resulting in a smaller plastic zone.

It should be recognized that, for a distributed loading as in blast load-
ing conditions, there will be no comparable energy loss. A problem with blast
loading was therefore attempted. It was found that the size of the crack tip
plastic zone at initiation is very similar to those of the other cases shown
in Figure 11, indicating that the value of the fracture parameter for initia-
tion would be roughly the same in all three instances. This, of course, is a
comforting result in view of the virtual strain rate independence of 4340

steel. The absence of remote plastic deformation in the blast loading case
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Figure 11. Comparison of plastic zone sizes at crack initiation

under the two loading conditions considered.
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also suggests that an elastodynamic treatment would be appropriate, and this

was indeed found to be so.

The work described in this paper has resolved a dichotomy concerning the
uniqueness of the KID parameter for characterizing rapid crack propagation and
arrest. This was accomplished through the application of a dynamic elastic-
plastic analysis procedure. This application revealed that significant plas-
tic deformation can be introduced through the loading procedure. This can
confound a strictly linear elastic interpretation of the experimental results
even though small-scale yielding conditions are valid at the crack tip.
Accounting for the energy dissipated remotely through the use of the dynamic ,-
elastic-plastic analyses is therefore essential in such circumstances.

Besides demonstrating the role of plastic deformation in impact 1loaded
fracture experiments, the present work has identified, possibly for the first
time, the validity of a critical CTOD (or, equivalently, a CTOA) as a rapid
crack propagation criterion. While further work is needed to investigate the
possible geometry and crack velocity dependence of the critical CTOD, the
result shown in Figure 9 is of clear practical importance. If a constant
critical CTOA is the elastic-plastic dynamic crack propagation criterion, a
myriad of practical problems so far unamenable to accurate analysis may be
addressed. Examples are crack arrest and reinitiation under high upper shelf
toughness conditions in nuclear pressure vessel steels, welded ship hull

structures and storage tanks, and gas transmission pipelines.
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ABSTRACT

A systematic approach involving experiments and dynamic elastic-
plastic finite element analyses was pursued to investigate the problem of
crack initiation, propagation, and arrest in weldments under rapidly applied
loading. The aim was to develop a predictive capability that can be used to
assess the risk of fracture in welded structures subjected to blast loading.
The experimental effort included residual stress measurements on welded HYS0
steel.specimens together with a series of'explosive loading experiments
performed after precracking these specimens. Measurements were made of the
time of crack growth initiation and on the extent of crack growth at arrest.
Elastic-thermoplastic finite element computations were made to obtain the
weld-induced residual stresses. With these as initial conditions, dymamic
elastic-plastic computations were then performed to predict crack initiation
and growth behavior under the measured explosive loading history. These
computations used estimates of the running fracture toughness based on
fracture toughness data for HY-80 weldments available in the literature.
Reasonably good agreement was nevertheless obtained with the observed results.
Of possible greater significance for subsequent fracture mechanics analyses of
weld defect problems, it was found that the presence of weld-induced residual

stresses strongly affects the prediction of the crack length at arrest.

Key Words: dynamic fracture, crack arrest, explosive loading, residual

stresses, HY80 steel, HY80 weldments.



DYNAMIC CRACK PROPAGATION THROUGE WELDED
HY80 PLATES UNDER BLAST LOADING

o

C. R. Barnes, J. Ahmad and M. F. Kanninen

INTRODUCTION

Elastic-plastic fracture mechanics techniques are now being widely
pursued for materials that are ductile and tough. The research reported in
this paper extends these developments to provide the basis for elastic-plastic
fracture mechanics treatments under dynamic conditions. The work specifically
conslders the possibility of the arrest of the unstable crack propagation
event that results from fracture instability in the weldment of a ductile
material subjected to a rapidly applied loading.

There is considerable practical interest in studying the behavior of
cracks in rapidly loaded structures. An example application is a flawed ship
structure sugjected to a blast load. In such situations it is important to
know whether a flaw of the size likely to be present in the structure would
become unstable and, if so, whether it would arrest before catastrophic
fracture occurs. For structures made of high toughness materials where
considerable crack tip plastic deformation precedes crack initiation, the
analysis problem is nonlinear. In addition, because the loading rates can be
very high, and also because cracks may propagate at relatively high rates,
conventional quasi-static fracture mechanics treatments are generally not

applicable. A dynamic elastic-plastic fracture mechanics approach is

therefore needed.



A further complicating feature admitted in this work arises from the
fact that most structural defects reside in and around welds. In addition to
producing defects, the welding process introduces substantial localized
changes in material properties and further gives rise to thermally-
induced residual stresses. Reliable elastic-plastic dynamic fracture
mechanics techniques for predicting crack initiation, growth, and arrest of
cracks residing in and around welded regipns treating these complications do
not currently exist. In order to develop such techniques, a step wise
procedure has been followed by the authors {1-6]. The early work was
primarily focused on identifying the appropriate criterion for rapid crack
growth. Following & brief description of the previous research that has led to
the current stage of development, this paper describes a combined experimental
and computational approach specifically addressing the fracture of HY80 steel

weldments subjected to explosive loading.



BACKGROUND

Investigation of rapid crack propagation and arrest in the welds of
rapidly loaded structures requires a two-fold extemnsion of current
elastic-plastic fracture mechanics (EPFM) techniques. As described by
Kanninen et al [7], most current efforts im EPFM are focused on the
application of the J-resistance curve to predict crack initiation and fracture
instability. However, this criterion is limited to small amounts of stable
ctack.growth and quasi-static conditions. In the original derivation of J by
Rice [8], the material was taken to be nonlinear elastic. This excludes the
effect of the elastic unloading that occurs in the wake of an extending crack.
Furthermore, inertia forces, body forces, and initial strains were not
considered. Consideration of dynamic loading, rapidly propagating cracks,
thermal gradients and residual stfesses are therefore excluded from the
original formulation.

A number of path independent integrals now exist [9-17] that, like J,
are measures of energy flow rate to the crack tip, but are applicable to more
general conditions; e.g., dynamic loading, thermal strains, mixed mode
loading. Possibly the most general of these formulations is that developed by
Kishimoto et al. [17]: the‘? integral. This formulation contains several
other extenslons of J as special cases. Of more significance, Ahmad et al.
[18] have reported experimental and corresponding finite element analysis
results to show that‘? provides a realistic criterion for crack initiation

under dynamic loading in elastic—plastic conditions.



A
For rapidly propagating cracks, J is still a useful parameter. For

elastodynamic treatments, it provides a convenient means to compute dynamic
stress intensity factors without the need for movable singular elements or
periodic remeshing of the finite element model. But, in elastic-plastic
dynamic crack propagation, ? suffers from the same limitations as J. It loses
its path independent character as well as its meaning as a measure of the
energy release rate.

The identification of a characterizing parameter for large amounts of
crack growth in elastic-plastic conditions is a problem that is Gqurrently
being addressed by several different investigators. Nishioka and Atluri (19)
are pursuing an incrementally computed parameter that maintains the path-
independent feature of J for elastic-plastic dynmamic crack propagation.
However, their approach is complicated and, in addition, critical material-
property value; of their parameter have not yet been determined for practical
applications. Ernst [20] has proposed a modified version of J that allows for
extended crack growth while Freund and Douglas [21] simply employ a critical
strain criterion. But, both of these may well be related to an alternative
crack tip parameter: the crack opening angle (CTOA). A number of investiga~-
tors have found that this parameter remains constant during elastic-plastic
stable crack growth —= see reference [7]. This fact, together with its ease
of application, strongly suggests that the CTOA be explored for dymamic crack
propagation also.

Because the CTOA is not feasible as an initiation parameter, an
expedient such as the dual J/CTOA approach suggested by Kanninen et al. [22]
could be implemented. Emery et al. [23] have pursued a similar approach.in
which, followinghanitiation, they assumed that a constant CTOA value governs

rapid crack propagation in their elastic-plastic finite difference
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computations for pipes. However, previous to the recently completed work of
Ahmad et al. [24], the conmstancy of the CTOA during rapid crack propagation
has not been demonstrated. This key result is shown in Figure 1.

The result shown in Figure 1 was obtained by performing a “"generation
phase” finite element analysis of a fracture experiment. In the experiment an
AISI 4340 steel three-point-bend specimen was quasi-statically loaded to
initi;te rapid crack propagation. In the companion dynamic elastic-plastic
finite element analysis, the crack was made to propagate according to the
experimentally measured crack length history. The CTOA values were then
obtained from the finite element solution. As shown in Figure 1, these values
are based on the crack tip opening displacement (CTOD) values at one element
length behind the crack tip, determined at the first instant of node release.
It can be seen that, following an initial transient, the CTOA remsins virtually
constant throughout the rest of the crack growth process. This result
reveals - possibly for the first time —~ that a near comstant CTOA value can be
used as a criterion for rapid crack propagation.

The region in which the CTOA varies may be a transitionm Teglon between

A\
J—controlled and CTOA-controlled crack growth. The characterization of crack

growth in this region needs to be further investigated. But, for the present
work, a simple form of a dual’??CTOA criterion is used in which a criticalf?
value governs initiation and a comstant CTOA controls the ensuing rapid
propagation. It will further be assumed that the materia; property values
needed to use this criterion can (1) be inferred from measurements made under
small-scale yielding conditions, and (2) be directly applied to crack
propagation through a weldment with residualistresses and high applied 16ads.
The results of the study, of course, will depend upon these heuristic

assumptions.
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EXPERIMENTAL PROCEDURE

The crack initiation and propagation characteristics of enéineering
structural weldments invariably differ from those of the base material. This
is due primarily to the effects of residual stresses induced by the welding
process coupled with weld metal inhomogeneity. Although the degree of material
inhomogeneity 1is difficult to quantify,.the residual stresses can be estimated.
Consequently, as a first step, following the preparation of the welded HY80
specimens, four of these were sacrificed to obtain weld residual stresses.
These determinations were made using the trepanning technique.

The trepanning technique involves the removal of a prismshaped
element of material under a biaxial strain gage applied to the surface of a
welded specimen. Upon removal, these gages no longer sense the stresses at
that location. Hence, the resulting change in strain is taken to be indica-
tive of the magnitude of the residual stresses that were present at the
gage position. Figures 2 and 3 show the gage locations for two sets of
residual stress determinations. Figure 4 shows a typical element taken from
one of these specimens. The residual stress values obtained in this way are
given below.

The next step in the experimental effort was to precrack and
instrument the remaining specimens, then subject them to blast loading. The
precrack was sharpened by EDM to a total depth of 8mm. The specimen thickness
wvas 25,4 mm. The blast load was provided by a 2.27 kg charge of composition
C-4 explosive. The explosive was detonated from a 38 cm standoff, as measured
from the center of the charge to the upper specimen surface. The test
configuration is shown in Figure 5. An expanded view of the loading fixture ié

contained in Figure 6. Figure 7 shows the post-test appearance of a welded

specimen.
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(a) (B)

FIGURE 4. TREPANNING ELEMENT:
(A) Bottom surface of residual stress chip
(B) To; surface showing bianzial strain gage
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FIGURE 5.

SPECIMEN LOADING FIXTURE USED DURING BLAST LOADING EXPE

(A) 1s the explosive charge, (B) is the loading fixture
(C) is the specimen,
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FIGURE 7,

POST TEST APPEARANCE OF HY80 WELDED SPECIMEN
SHOWING BLAST INDUCED CRACK GROWTH
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Each test specimen was instrumented with strain gages to provide the
times of crack initiationm, propagation, and complete specimen fracture. A
diagram of the specimen with these strain gage locations shown is contained in
Figure 8. 1In addition to the strain gages, the specimens were also
instrumented to provide an additional indication of time at complete specimen
fracture. This was done by integrating the specimen into a simple electrical
circu;t. In essence, the specimen initially was part of a closed circuit.
But, because complete specimen fracture pioduces an open circuit, a readily
detected sharp voltage change is produced. In this way, the time of complete
fracture, should it occur, could be accurately determined. A similar concept
was used to determine the time of blast arrival on the specimen surface.

To record the output from the specimen instrumentation during blast
loading, a redundant systems approach was adopted. Data was recorded using
two transient recorders backed up by a high speed FM tape deck. All systems
shared a common signal so that the data from each system could be related in
real time. Data were recorded on the times of blast arrival, crack mouth
gage failure, side gage failure, back gage failure and complete specimen
fracture. The development of measurement procedures that retain their
integrity under blast loading is felt to be a ma jor accomplishment of this
work.

For a 4340 steel monolithic specimen used as a trial, the crack mouth
gage indicated a crack initiation time of 20 to 29 us after the blast arrival,
with total fracture, as indicated by the upper surface gage, at 71 us after
blast arrival. These readings correspond to an average crack speed of 374 m/s.
This 1s consistent with the crack speeds observed in the 4340 steel fracture
experiments conducted earlier with other loading mechanisms. This suggests
that these data are reliable. Offsetting this encouraging finding, the side

14



FIGURE 8.

SPECIMEN USED FOR BLAST INDUCED FRACTURE

1) Strain gage mounced within notch, 2) EDM Noteh,
3) Weld zone (typical of an 18 pass butt-weld in
an HY-80 Steel Ship Structure), 4) An additional
gage 1is also bonded to the svecimen upper surface
to indicate complete specimen fracture
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gage and the battery circuit gave readings of 110 us and 125 us, respectively.
These are obviously contradictory. In view of the fact that the surface gages
are highly susceptible to blast and heat effects while the side gage reading
will lag behind the crack passage by an indefinite time, these readings are
not believed to be useful, therefore.

Three replicate experiments were conducted on HY80 welded specimens.
One of these produced questionable results that were inconsistent with the
other two, both in terms of the gage readings and the extent of crack
propagation. Hence, these data are omitted. The results obtained from the
remaining two specimens are shown in Table 1. It can be seen that the crack
initiated (as indicated by the crack tip gage) at roughly 85us and that crack
arrest was achieved aftgr a crack advance of about lémm. Because fracture did

not occur in these experiments, the upper surface gage readings are not

believed to be significant.

Table 1

Experimental Results for Welded HY80 Blast Loaded Fracture Experiments(a)

Time of Significant
Gage Response After

Crack Lengths (mm) Crack Extension Arrival of Blast (us)

Initial Final (mm) Crack Tip Upper Surface
8.0 20.7 12.7 72-81 ‘ 120
8.0 23.2 ish2 90-95 176

(a) Total specimen depth was 25.4 mm
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CRACK PROPAGATION ANALYSIS

The analytical effort in this research consisted of tvo types of
analyses, one providing the initial condition for the other. The first type
was an elastic-thermoplastic finite element computation to obtain the residual
stresses due to welding. The second type of analysis was the finite element
solution for dynamic crack propagation under blast loading conditions. The
modeling took the weld~induced residual stresses as initial conditions and
included direct consideration of crack tiﬁ plasticity and of the inertial
effects due both to dynamic loading and rapid crack propagation.

In all finite element computations, the equations of motion were
solved using a displacement-based finite element method with an isoparametric
element formulation and quadratic shape functiops in a two-dimensional space.
A singular element was not used. A modified Newtoo—Raphson approach was used
for elastic-plastic analysis with the Von Mises yield condition and isotropic
strain hardening assumed. The approach employed the implicit Newmark-Beta
time integration scheme. Crack growth was modeled by releasing double—noded
elements along a pre-set crack path. This was done by gradually releasing the
crack tip nodes over several time steps.

The welding simulation computation was using the temperature-
dependent material properties of HY80 steel. The heat input and weld—-pass
sequence used in the analysis were the same as in the actual welding process
gmployed to fabricate the specimens. The multipass simulation of the process
was performed as developed by Kanninen et al. [25]. The computed residual
stress distribution across the weld centerline %s shown in Figure 9.

Also shown in Figure 9 are the residual stresses at selected
locations as deduced from experimental strain measurements by the trepanning

method. While the agreement between the experimental and computed values

17
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shown in Figure 9 is less than perfect, the disparity is no greater
than that between the measured values themselves. In any event, the
computation does seem to predict the general trend of the data. Consequently,

the residual stress distribution as computed by finite element method was

accepted as the basis for further analyses.

To aid in the design of the blast loaded specimens, a preliminary
elastodynamic finite element analysis was performed. The result is shown in
Figure 10. The temporal pressure distribution used in this case was obtained
by fitting a least—square curve through the experimentally-measured
pressure-time record measured for a 2.27 kg explosive charge detonated at a

distance of 38 cm from the specimen. This is
p(t) = 6.895 (11.0 -.072t + .000062t2) H(t)

where t is the time from the blast arrival (us), p is the pressure exerted on
the upper surface of the specimen (Mpa), and H is a function such that H(t)=0,
t <0, and H(t) = 1, t > 0. Note that the specimen configuration used in the
blast loading experiments and analyses 1s also shown in Figure 10.

From the data collected by Hahn and Kanninen [26], the dynamic
iniciation toughness of an HY80 weld appezrs to be about 120 MPavm. Using this
number, the analysis shows that the crack should initiate at about 100 p-sec
following the arrival of the blast at the specimen surface. This was
considered short emough for the experimental instrumentation to remain intact
to detect the crack initiation time. Note that, in this preliminary
computation, the effects of crack tip plasticity and residual stresses were
totally ignored. The purpose was simply to get a rough estimate of the crack

initiation time for pretest design purposes.

19
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FIGURE 10, ELASTODYNAMIC COMPUTATION OF STRESS INTENSITY FACTOR AS
A FUNCTION OF TIME FROM THE BLAST ARRIVAL
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The next step in the analysis was to perform an elastic-plastic
dynamic finite element analysis to predict the crack propagation history. The
input to the finite element analysis included the temporal pressure
distribution, the residual stress distribution, and critical CTOA values for
crack initiation and propagation. Unfortunately, the fracture toughness values

for a rapidly propagating crack in elastic-plastic conditions are not available.

As an expedient, estimates were obtained from the existing linear elastic data,

as follows.

From Hahn and Kanninen [26], the lower bound ipitiation toughness Kj.
and crack arrest toughness Ky, for HY80 weldments were estimated at 120 MPas/m
and 92 MPav/m, respectively. It was then assumed that the dynamic fracture
toughness Kjp 1s the same as Ki,, and that Kyp is independent of crack velocity
in the range of crack velocities expected in the experiment. Also, it was
assumed that the lower bound Kic 1is the same as Ky4, the rapid loading fracture
toughness. Using these values, the crack opening displacements at one element
length (1.933mm) behind the crack tip were determined from an elastic-plastic
finite element computation. For initiation and propagation, these were found to
be 0.076 mm and 0.058 mm, respectively. The result of the analysis employing
these values is shown in Figure 1ll.

To help in understanding the effects of elastic-plastic conditions and
residual stresses, two additional computations were also performed. As shown in
Figure 11, these were an elastodynamic computation and arn elastic-plastic
dypamic computation without the initial residual stresses. These computations
also employed the critical CTOA values just given. It can be seen that, ino this
instance, both give nearly the same result for the initiation time Qnd fdr the
crack length history. In contrast, the result of the elastic plastic analysis

with residual stresses included is conslderably different.
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Because the choices of Kj4 and Kyp in the analyses just described was
rather arbitrary, a second set of computations was performed. In these, the
Kip value (and, hence, the corresponding CTOA value) was specifically selected
to obtain better agreement with the experimental crack arrest point. This
value was 84 MParvm. The results of the analyses performed with this new value
of Krp are shown in Figure 12. It can be seen that, while the elastic-plastic
dynamic analysis that includes the residual stresses is now close to the
experimental result (see Table 1), the comparison analyses predict that the
crack would run through the specimen without arresting. This demonstrates that
the analytical predictions are quite sensitive to the accuracy of Kip. Of more
significance, it also reveals the importa;ce of considering residual stresses
in such analyses.

It might be tempting to conclude frem the results shown in Figures 11
and 12 that the neglect of initial residual stresses is conservative; 1.e., the
inclusion of residual stresses gives a prediction that is less severe than that
obtained in their omission. However, it is entirely possible that this result
was obtained because of the particular residual stress distribution that
pertained. For a residual stress distribution that is highly tensile in the
vicinity of the initial flaw, it 1s conceivable that a different conclusion
would be reached. This can only be determined with further computations of the

kind described here.
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SUMMARY AND CONCLUSIONS

The objective of the present work has been to develop and validate s
nonlipear dynamic analysis methodology that could be applied to determine
critical crack sizes in welded structures subjected to blast loadings. The
point of view that was taken is that a crack-like flaw may exist in a local
low todghness region of a weld. But, vpile such a flaw would likely initiate,
catastrophic fracture would still be avoided if the crack arrests. The key
research issue is then to quantify the conditions under which a run/arrest
event can occur in a tough, ductile material subjected to a rapidly varying
applied loading.

There are several issues that place this analysis problem beyond the
current state of the art of fracture mechanics. First, a criterion for rapid
crack propagation in elastic-plastic conditions has not been previously
established. Second, crack propagation initiated under rapidly applied
loadings is not well understood. Third, the effect of weld-induced residual
stress and deformation fields on crack propagation is virtually unknown.
Added to these complexities is the difficulty of obtaining meaningful
experimental results on crack propagation and arrest.in blast loaded welded
components; particularly of the precise character that are required for an
assessment of a fracture mechanics analysis.

In view of the many complexities that exist in this problem, an
integratednﬁrogram of experimentation coupled with nonlinear dynamic finite
element anglysis was devised in which experiments were performed on precracked
HY80 steel weldments under explosive loading conditicns. The ac;ompanying
analyses, (1) determined the residual stress and deformation state by directly
simulating the welding process, and (2) calculated the crack propagation
history and the crack arrest point under the pressure history measured in

25



the experiment. These results were compared with measured residual stress
values and with observed crack initiation/propagation behavior. The agreement
was good in both instances.

A key assumption in the present work was that rapid crack propagation
can be characterized by a constant value of the crack tip opening angle (CTOA)
parameter. While there is solid evidence for this assumption (see Figure 1),
the work that has been performed so far has not allowed the proper value for
the CTOA for crack propagation in a weldment to be determined. As an
expedient, by assuming that, this value i{s (1) unaffected by large scale
plasticity, and (2) independent of the crack speed, an estimate of the CTOA
was obtained for heuristic calculations. Using this value, an elastic—plastic
dynamic analysis was performed. These results revealed that the effeect of
including residual stresses as initial conditions can be significant. A
second set of computations in which the eritical CTOA value was taken to force
close agreement with the experimentally observed crack arrest point reinforces
this conclusion.

Further work is planned in which a direct determination of the
running fracture toughness of the weldment will be made. This work is also
expected to reveal the speed-dependence, 1if any exists, of the CTOA parameter.
Regardless, using these data as input, crack initiation/propagation/arrest
predictions will be made and compared to the experimental result for more

unequivocal assessments of the analysis approach described herein.
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ABSTRACT

A combined experimental and analytical approach designed to address the problem of crack initiation,
propagation and arrest in ductile materials is outlined. A series of the explosive loading experiments on
AlS] 4340 steel were performed. A generalized version of the J-integral valid for dynamic conditions known as

was employed in the analysis. The predicted time at crack growth initiation was in reasonable agreement

with the measured values. The resulting crack propagation speed was also found to be in accord with
measurements.

INTRODUCTION

The fracture mechanics techniques needed for materials that fracture in a highly ductile manner must give
explicit attention to the extensive plastic deformation surrounding the crack tip. Llarge-scale crack-tip
plasticity has two effects. First, because of crack tip blunting, crack growth initiation tends to occur
under conditions for which conventional linear elastic fracture mechanics analyses are invalid. Second,
significant amounts of stable crack growth can occur prior to fracture instability. To cope with these
essentially inelastic processes, elastic-plastic fracture mechanics techniques are now being widely pursued

1). The research reported in this paper builds on these developments to provide the basis for fracture
mechanics treatments under the more general conditions involved in dynamic loading.

For some Navy applications there is considerable interest in studying the behavior of cracks in rapidly
loadad structures. For example, if 2 naval structure is subjected to a blast load, it is of interest to know
whether an inherent flaw of certain size present in the material would initiate, and if so, whether it will
arrest before catastrophic failure occurs. Because the Yoading rates in such cases are rather high, and also
because cracks may propagate at relatively high rates, conventional quasi-static fracture mechanics is, in
general, not applicable. A dynamic fracture mechanics treatment is usually warranted. A further complicating
factor in these problems is due to the fact that naval structures are made of high toughness materials.
Therefore, considerable crack tip plastic defo~mation may precede crack initiation, thus mak ing the analysis
problem nonlinear.

Another complicating feature appears due to the fact that a large majority of defects in naval structures
(as in other large structures) reside in or around welds. Usually the welding process introduces substantial
localized changes in material properties besides giving rise to thermally induced residual stresses in and
around the welded region. However, reliable elastoplastic dynamic fracture yielding mechanics techniques for
predicting crack initiation, growth, and arrest of cracks residing in and around weided regions do not
currently exist. In order to develop such techniques a step wise procedure was followed to extend analytical
procedures from quasi-static loading to intermediate loading rates and, eventually, to the high rate loading
produced by an explosive. A first step is described in this paper.

GENERAL APPROACH

In a critical survey of progress in elastic-plastic fracture mechanics, Kanninen, et al (1) found that
most efforts are focussed on the J-resistance Curve approach. Despite the fact that such approaches are
inherently limited to small amounts of crack growth prior to fracture instability, they do provide a
significant improvement over the conventional linear-elastic fracture mechanics techniques. However, the
current approaches are largely restricted to quasi-static loading. A generalization of the J-integral valid
for dynamic loading conditions, the -integral, has been developed by Kishimoto, et al (2). But, it has not
previously been critically examined. Nevertheless, in view of the success that has been achieved with J and
the complete lack of a viable alternative, this parameter was selected for use in this study. The mathema-

tical basis for J and the manner in which it can be applied to elasto-plastic dynamic fracture problems has
been described by Ahmad, et al (3,4).



The experimental work employed AISI 4340 three-point-bend specimens containing crack starters as shown.
This configuration has a number of advantages for this research. First, crack initiation and propagation can
be obtained for both quasi-static and dynamic loading in the same specimen geometry. Second, this specimen
can be economically analyzed with a finite element method. Third, because of constraint that arises in
bending, the J-resistance curves obtained may be lower bound values that will provide conservative predictions
when utilized for structural integrity assessments.

A dynamic elastic-plastic finite element analysis was used in the analysis portion of the research. The
objective was to learn if crack growth inftiation in AISI 4340 is governed by critical values of J. The
values were determined by finite element analyses of the experiments. In essence, by calculating the J param-
eter as a function of load, and using the load level at initiation, critica) values for crack initiation and
propagation were determined. This provided a tentative elastic-plastic fracture criterion in terms of a
single material fracture parameter.

Analyses were also performed for impact loading. Here, the fracture criterion deduced under quasi-static
loading was used as input to a finite element simulation of the impact loaded experiment. In this way a
prediction of the initiation time was made for comparison with an experiment. The quite reasonable accuracy
of this predition then gave an indication of the usefulness of the approach for the general conditions of
interest in this research. Details of the experimental and analytical effort for the quasi-static and impact
loading are given by Kanninen, et al (5). The modified analytical procedures that have resulted in improved
predictive capability have been outlined by Ahmad, et al (6).

THE EXPERIMENTAL RESEARCH

The explosive tests were performed at Battelle's remote facility at West Jefferson, Ohio. It consists of
a bomb proof building containing instrumentation ports extending into a room containing instrumentation as
needed to monitor the blast effects resulting from explosive charges. In this case, the instrumentation was
for the most part identical to that used in the quasi-static and impact tests detailed elsewhere(5,6). During
these tests the following parameters were measured with respect to time:

e Blast arrival by means of a simple contact switch.

o Crack initiation, propagation, and complete specimen fracture using strain gauges.

e Blast pressure by means of a piezo-electric transducer.

e Specimen displacement by means of piezo-electric pins.

The specimen geometry and loading arrangement used in these tests is shown in Figure la and 1b. Mote
that the original specimen notch contains a root radius considerably larger than most conventional test
specimens. This larger radius was adopted to facilitate strain gage application near the notch tip to
determine crack initiation. Additional strain gages were mounted slightly below the crack tip and on the back
of the specimen surface (normal to the projected crack path) to detect crack growth and complete specimen
fracture, respectively. The loading fixture was designed to maintain the specimen in a bend configuration
during loading. During each test the wooden arm which supported the explosive charge was completely
destroyed.

During the course of these tests, it was necessary to perform preliminary tests on sacrificia) specimens
since the amount of explosive required to fracture a test specimen was not readily predetermined. Accord-
ingly, uninstrumented specimens were subjected to the blast effects of 2.5, 5, and 10 pounds of (-4 explosive
detonated from a 15 inch standoff as shown schematically in Figure 16. During these preliminaries it was
determined that a 5 pound explosive charge was the optimum useful amount as it was sufficient for specimen
fracture but not so large as to destroy the piezo-electric transducer used to monitor blast pressure. After
the appropriate charge and standoff distance had been decided upon, actual testing began.

In all, three specimens were instrumented and tested with varying degrees of success. During the first
test no useful data was recorded due to instrumentation lead wire destruction due to the heat and blast
effects generated by the explosive detonation. A slight modification of test procedures resulted in partial
data recording during the second test. Additional procedure modifications, consisting mainly of filling all
cracks in the specimen loading system with sflicone rubber, resulted in full data acquisition for the third
test.

ANALYSIS RESULTS

Analyses were performed using Battelle's FRACTDYNEP elastoplastic dynamic finite element code. On the
basis of the analytical results of Reference 6, it was concluded that for the blast loaded AIS] 4340 specimen
used in this work, an elastodynamic analysis procedure was adequate. The finite element model used in the
analysis is shown in Figure 2.

Due to the symmetry of the specimen about the crack line, only one half of the geometry was included in
the model. The tor surface was loaded using the pressure vs. time record obtained from the experiments. The
spatial load distribution was assumed to be uniform throughout the length of the specimen. To model crack
growth, the following criterion was supplied to the finite element code:

Kp = 65 + 0.044 a, MPaVin.

where Kp is the dynamic fracture toughness, and a is the crack velocity. This is the same criterion which was
used in Reference S to model crack propagation under quasi-static and impact loading conditions.

The results of the analysis included time at crack initiation, and a prediction of crack velocity. These
are shown in Figures 3 and 4 along with the experimental data.



CONCLUSIONS

growth behavior under explosive loading.
used in this work. A research program is
specimens.

Experimental and analytical techniques have been developed to address the problem of predicting crack

The techniques are now being extended to more ductile materials than
also underway to study the problem of crack growth through welded
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(a)

1 and 3 denote.strain gages used to detect crack
initiation and crack propagation respectively.

2 denotes the sharpened notch produced by electric
discharge machining. Not shown in this view is a
page on the back specimen surface used to detect
specimen fracture

(b)

2 denotes explosive charge. b denotes the
specimen holder and ¢ denotes the test specimen.

Figure 1. Specimen geometry and loading arrangement
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